Myocyte enhancer factor-2 (MEF2) is a transcription factor that is necessary for embryonic muscle development in Drosophila and vertebrates; however, whether this factor is required during later muscle development remains largely unknown. Using heteroallelic combinations of different Mef2 mutant alleles, we isolated and characterized a temperature-sensitive combination. Through temperature-shift experiments, we obtained adult animals that were lacking proper MEF2 function. Many of these individuals died as mature pupae, and those that eclosed showed poor locomotion and an inability to fly. Histological analysis of these animals revealed a requirement for MEF2 in skeletal muscle patterning, although these animals had strikingly normal amounts of muscle tissue. Using quantitative polymerase chain reaction, we determined that expression of the MEF2-regulated actin gene Act 57B was severely reduced in these animals. By contrast myofibrillar actin genes unique to the adult stage were only mildly affected. Since MEF2 mutant adults were still capable of forming muscle tissue, we conclude that MEF2 is required for the expression of only a subset of muscle structural genes in the adult. These results indicate that additional muscle-specific factors function to control the myogenesis of complex and diverse muscle in the adult.
T HE myocyte enhancer factor-2 (MEF2) family of muscle cell lineages as well as in the developing central nervous system (reviewed in Black and Olson 1998). transcription factors play a critical role in the development of skeletal, smooth, and cardiac muscle. Four
Gene knockout experiments in mice have shown differing requirements for each of the mef2 genes. Animals deficient MEF2 factors, MEF2 A-D, exist in mammals and a single MEF2 has been identified in Drosophila. These factors for mef2-c die early in development (Lin et al. 1997a) , whereas animals deficient for mef2-a suffer from cardiac all show homology within a conserved MADS [MCM1, Agamous, Deficiens, serum response factor (SRF)] dosudden death shortly after birth (Naya et al. 2002) . Consistent with the presence of MEF2-binding sites in main as well as an adjacent domain known as the MEF2 domain (reviewed in Black and . MEF2 the promoters of muscle-specific genes, a number of genes such as ␣-actin and ␣-myosin heavy chain are proteins bind as dimers to the consensus sequence YTAWWWWTAR (Y, C/T; W, A/T; R, A/G) found in condownregulated in mef2-c-and mef2-a-deficient animals. Similarly, expression of the single Drosophila Mef2 trol regions of numerous muscle-specific genes (Andres et al. 1995) . Additionally, the vertebrate MEF2 family gene is first detected in the mesodermal precursor cells prior to gastrulation and continues to be expressed in has been shown to cooperate in skeletal muscle differentiation with the myogenic basic helix-loop-helix (bHLH) the unspecified mesoderm thereafter. Expression of Mef2 persists in precursors and differentiated cells of transcription factors Myf5, MyoD, MRF4, and myogenin (Li and Capetanaki 1994; Black et al. 1995; Molken- the somatic and visceral musculature, as well as the dorsal vessel (Lilly et al. 1994; Nguyen et al. 1994 Nguyen et al. ). tin et al. 1995 Naidu et al. 1995) .
In vertebrates the first mef2 gene to be expressed Drosophila embryos deficient for MEF2 die during embryogenesis and display a complete lack of differentiduring embryogenesis is mef2-c, in the myocardial preated muscle fibers (Bour et al. 1995; Lilly et al. 1995 ; cursors. This is followed by expression of the other mef2 Ranganayakulu et al. 1995) . The observation that a genes in those cells. High levels of mef2 expression can large number of muscle structural genes contain funcalso be detected in the developing skeletal and smooth tional MEF2-binding sites in their promoters, or rely heavily upon Mef2 function for their expression, supports a direct role for MEF2 in controlling myogenesis 1 Present address: Department of Molecular Cellular and Developmental Biology, 347 UCB University of Colorado, Boulder, and provides an explanation for the profound muscle 0347 defects observed in MEF2-null animals (Lin et al. 1996; 2 Despite the requirement of Mef2 for proper embrymuscle patterning defects and reductions in the expression levels of a subset of muscle structural genes. onic muscle development in Drosophila, there is still more to be learned concerning the expression and function of this gene in adult muscle development. Adult
MATERIALS AND METHODS
Drosophila possess an array of physiologically diverse skeletal muscle fibers, which are adapted to their indiFly stocks and temperature-shift experiments: All crosses were carried out in plastic bottles or vials containing standard vidual functions (reviewed in Bernstein et al. 1993) .
medium (Carpenter 1950) . y w were used as controls. Mef2
These muscles arise de novo from pools of twist-expressmutant alleles used in this study were generously provided by ing myoblasts segregated during embryogenesis and Elliot Goldstein (Arizona State University; Goldstein et al. that proliferate during larval development (Crossley 2001) . Act 57B-lacZ lines were described previously (Kelly et 1978; Bate et al. 1991) . The thorax contains large fibrilal. 2002) .
For complementation analyses and for isolation of live heterlar muscles termed the indirect flight muscles (IFMs) conoallelic mutants, alleles were balanced over a CyO chromosome sisting of two muscle groups termed the dorsal longitudicarrying a Kr-GFP transgene (CyO, GFP; Casso et al. 1999) .
nal muscles (DLMs) and dorsoventral muscles (DVMs),
Genotyping was carried out using an Olympus fluorescencewhich provide the power for flight (Vigoreaux 2001 lial cells of the wing imaginal disc (Ranganayakulu et For larval temperature-shift experiments, flies were allowed al., 1995), which give rise to the adult thoracic musculato lay eggs at 18Њ on agar mixed with grape juice, and Mef2 muture (Poodry and Schneidermann, 1970; Reed et al., tant larvae were collected at the L1 stage. Larvae were collected into well-yeasted vials for subsequent culture. Of the 400 larvae 1975; Fernandes et al. 1991) ; Mef2 expression is upreguinitially collected, 200 were moved to an incubator set at the lated in the whole animal at 12 hr after puparium formarestrictive temperature and allowed to develop. The remaining tion (White et al. 1999) , a time at which important 200 were retained at the permissive temperature. All pupae muscle patterning events are occurring (Fernandes et and adults were checked for the absence of Cy and GFP al. 1991); Northern blot analysis also indicates Mef2 markers.
Embryo immunohistochemistry: For analysis of embryonic expression in the whole animal persists throughout pumuscle development, mutants balanced over a CyO, wg-lacZ pal development (Nguyen et al. 1994) .
balancer were crossed en masse in cages and allowed to lay eggs
There is also functional evidence of a role for MEF2 In this article we define the role of Mef2 in adult Adult histochemistry, immunohistochemistry, and in situ hymuscle development in Drosophila. We report the isolabridization: For paraffin embedding, pupae of the desired age tion and characterization of a temperature-sensitive and genotype were collected, and the anterior and posterior ends were removed using a scalpel. After fixation overnight combination of Mef2 mutant alleles and, using this comin 4% (w/v) paraformaldehyde in PBS, samples were treated and bination, we further investigate the importance of Mef2 embedded in paraffin (Tyco Healthcare) as described previously in adult muscle specification. Our results indicate that (Cripps et al. 1998) . Sections of 7-to 10-m thickness were cut strikingly normal amounts of muscle tissue form in these using a microtome (Spencer 820, American Optical, Buffalo).
Mef2 mutant adults. However, these animals did display
After drying, sections were stained with haematoxylin and eosin using standard procedures, prepared for antibody stainreduced viability and poor locomotion, which arise from MEF2 in Adult Drosophila Myogenesis ing as described in Cripps and Olson (1998) using Antigen Retrieval Citra (BioGenex, San Ramon, CA), or subjected to in situ hybridization according to Lovato et al. (2001) . For sections stained only with eosin and hematoxylin, samples were analyzed by bright field microscopy and dorsal longitudinal muscle fibers counted per half thorax. Total fibers per half thorax for each genotype were summed and the average taken. No left-right bias was observed.
For antibody staining, the primary antibody was polyclonal rabbit anti-MEF2 (Lilly et al. 1995) detected as described for embryos. Antibody-stained sections were counterstained with eosin.
For in situ hybridization, digoxigenin-labeled antisense and sense probes complementary to the Act 57B 3Ј-untranslated region were used (Kelly et al. 2002) . Hybridized probe was detected using anti-digoxigenin-AP (Roche Molecular Biologicals, Indianapolis) and an alkaline phosphatase detection kit (Vector Laboratories).
Pupae used for X-gal staining were collected at the desired time points and frozen in Tissue Tek (Sakura, CA) on a bed of dry ice and then stored in a Ϫ80Њ freezer overnight. Sections of 7-to 10-m thickness were cut on a cryostat (Tissue-Tek II Cryomicrotome, Miles) and mounted on glass slides. Slides were fixed with 4% (w/v) formaldehyde and then incubated in X-gal-staining solution (Ashburner 1989) . At least three transgenic lines for each construct were tested. After staining reactions, all sections were dehydrated through an ethanol series, washed with xylenes, and mounted in Cytoseal XYL (Richard-Allan Scientific).
Quantitative PCR: Wild-type pupae were aged to 96 hr after Figure 1 .-Expression of Mef2 during adult skeletal muscle puparium formation (APF) and mutant pupae were raised at development. Transverse paraffin sections (with dorsal side 18Њ and 29Њ to equivalent stages. RNA was isolated using the up) of aged pupae were reacted with a MEF2 antibody (brown Tri reagent according to the manufacturer's instructions (Mostain) and counterstained with eosin. (A-D) Thoracic sections. lecular Research Center, Cincinnati). Total RNA was treated (E and F) Abdominal sections (abd). Half-sections are shown with DNase I for 10 min and precipitated with isopropanol for detail. (A) At 16 hr APF, myoblasts from the wing disc and ammonium acetate. cDNA was then obtained from this migrated dorsally to surround the LOM, which form the tem-RNA using the AMVRT kit provided by Sigma (St. Louis).
plates for the DLMs. Myoblasts also migrated ventrally. MyQuantitative PCR (QPCR) was performed on the ABI Prism oblasts in the forming leg (LgM) were also observed. (B) At 7700 SDS using primers designed within the 3Ј-UTR regions of 24 hr APF MEF2-positive myoblasts had coalesced to form the Act57B, Act79B, Act88F, and the 18S rRNA genes. Primers used major IFM fibers, the DLMs, and the DVMs. The developing were: 18S 3Ј-UTRϩ, 5Ј-CAGCAGGCGCGTAAATTACC-3Ј; 18S 3Ј-tergal depressor of the trochanter (TDT) was also observed UTRϪ, 5Ј-TCCTGTATTGTTATTTTTCGTCACTACCT-3Ј; 57B at this stage. (C) At 48 hr APF Mef2 expression persisted in 3Ј-UTRϩ, 5Ј-TCTACTCACCTGTCTCCTGCTCAT-3Ј; 57B 3Ј-the major fibers and was observed in direct flight muscles UTRϪ, 5Ј-CCAGCCGCCCACACA-3Ј; 79B 3Ј-UTRϩ, 5Ј-AGCGT (DFMs) apposed to the base of the wing. (D) Mef2 expression AAGACATCCGACCAG-3Ј; 79B 3Ј-UTRϪ, 5Ј-TTCCGGTCTTTT persisted to the end of pupal development in all thoracic CTCGTCTC-3Ј; 88F 3Ј-UTRϩ, 5Ј-GTTGTCGGTGCTCATCC muscle types, including the fibrillar DLM and DVM and the TTC-3Ј; 88F 3Ј-UTRϪ, 5Ј-TGCTACTCGACATGGAGCAC-3Ј.
TDT and other tubular muscles (TuM). (E) Mef2 expression QPCR was performed using the SYBR green kit obtained from was also detected in the developing abdominal muscles Applied Biosciences (Foster City, CA) and reactions were prethroughout pupal development, although this was more appared as described at http:/ /www.appliedbiosystems.com. The parent at midpupal stages in the dorsal muscles (DM) and resulting data were analyzed as described in Livak and the lateral transverse muscles (LTM). (F) MEF2 was also deSchmittgen (2001). The fold change for each gene from at tected in mature abdominal muscles. MEF2 was also detected least four QPCR assays were summed and the average and in various muscles surrounding the gut (VM). Bar, 100 m. standard error of the mean were calculated. Statistical t-tests were performed on the results to determine the significance of the changes in expression from 18Њ to 29Њ (http:/ /www.phy sics.csbsju.edu/cgi-bin/stats/t-test).
of Mef2 in the forming skeletal muscles by antibody staining. These results are shown in Figure 1 .
At 16 hr APF MEF2 was detected in a large number RESULTS of skeletal myoblasts throughout the pupa. In the thorax ( Figure 1A ), MEF2 was detectable in the myoblasts beMef2 is expressed in all skeletal muscle types during adult myogenesis: We initially determined if Mef2 was low the everting wing disc, which are fated to form the large indirect flight muscles (IFMs). At this stage, expressed during the formation of all the major adult skeletal muscles and the time period during which it clumps of MEF2-positive myoblasts were observed surrounding the three persistent larval oblique muscles, as was detectable. We prepared paraffin sections of pupae aged to different timepoints and studied the expression well as MEF2-positive myoblasts migrating ventrally to form additional muscle fibers. MEF2 was also detected allele Mef2 22-21 (Bour et al. 1995) to confirm allelism to Mef2. In all cases, crossing to the 22-21 allele resulted in the developing legs at this stage, presumably in forming muscle fibers.
in complete lethality (Table 1 , first column). We then determined which heteroallelic combinations gave rise At later stages of pupal development MEF2 accumulation persisted, where it was detected in both of the to adult escapers at 25Њ. This initial complementation analysis demonstrated that although the majority of skeletal muscle types of the thorax: the fibrillar IFMs, including the dorsal longitudinal muscles (DLMs) and crosses resulted in 0% survival, a number of crosses did produce Mef2 hypomorphic adults (Table 1) . Prelimithe dorsoventral muscles (DVMs), and the tubular muscles, including the large tergal depressor of the trochannary histological analyses of these survivors showed muscle-patterning phenotypes similar to other hypomorphic ter (TDT) and smaller direct flight muscles forming close to the base of the wing ( Figure 1 , B and C). MEF2 combinations previously described (data not shown; Ranganayakulu et al. 1995; Nguyen et al. 2002) . protein was also present in the mature muscles of 96-hr APF pupae ( Figure 1D ).
To determine if any of the combinations that allowed escapers at 25Њ might represent temperature-sensitive In the abdomen, MEF2 protein was detected in developing skeletal muscles throughout pupal development mutants, we then carried out complementation analyses at both 18Њ and 29Њ of a subset of combinations that ( Figure 1 , E and F), including the ventrally located lateral transverse muscles (LTM) as well as the dorsal show survival at 25Њ (Table 2 ). There was some variation in the percentage of heteroallelic survivors from each muscles (DM). In summary, Mef2 was detected at high levels in all of the three major classes of the adult skeletal cross between temperatures. More importantly one combination, Mef2 /Mef2 , produced no escapers musculature, throughout pupal development.
Isolation of a temperature-sensitive Mef2 heteroalat 29Њ, vs. 58% survival of adult Mef2 hypomorphic animals at 18Њ. When stocks of either CyO, GFP/30-5 or lelic combination: Previous analyses of Mef2 function in adult muscle development have employed hypomorCyO, GFP/44-5 alone were cultured at 18Њ, no escapers were observed (Table 2 and data not shown), indicating phic alleles, which still retain significant Mef2 activity (Ranganayakulu et al. 1995; Cripps and Olson 1998;  that the temperature-sensitive effect was specific to the heteroallelic combination. Nguyen et al. 2002) . Since twist temperature-sensitive mutants were identified as a heteroallelic combination
To determine if the sensitivity to temperature displayed by the Mef2 
/Mef2
44-5 combination (hereafter of two distinct alleles (Thisse et al. 1987) , we reasoned that Mef2 mutants might behave in a similar manner.
referred to as 30-5/44-5, underlined in The numbers are percentages and were determined as in Table 1 . Total progeny from each cross was Ͼ96.
heavy chain (MHC) to visualize differentiated muscle fibers (Kiehart and Feghali 1986) .
Wild-type embryos at stage 16 displayed a complex array of skeletal body wall muscle fibers along the length of the animal (Figure 2A ). Mutant embryos raised at 18Њ showed patterns of anti-MHC staining that were very similar to wild type, although there was some loss of fibers in the body wall muscles and the overall intensity of staining was reduced ( Figure 2B ). By contrast, there by anti-MHC staining, as it has been shown previously showed a massively reduced number of muscle fibers. (CЈ) that this structure is particularly sensitive to differing LT 1-3 were absent or reduced in number in all segments. levels of Mef2 expression (Gunthorpe et al. 1999 ). This embryos raised at 29Њ (data not shown). The cardiac defects observed at 18Њ may explain the reduced survival of these animals to adulthood (58%). Taken together, these results indicated that muscle those of Mef2 null and hypomorphic embryos previously described (Bour et al. 1995; Lilly et al. 1995 ; Rangadevelopment in 30-5/44-5 animals was sensitive to changes in developmental temperature. Since these nayakulu et al. 1995; Nguyen et al. 2002) , we conclude that the 30-5/44-5 combination represents a temperaphenotypes arose from mutants that had been defined by complementation as Mef2 mutants, and since the ture-sensitive Mef2 condition. This combination shows high levels of MEF2 activity at the permissive temperamuscle development phenotypes were highly similar to ture and severely reduced function at the restrictive not emerge fully. These data indicate an important requirement for MEF2 in pupal development. temperature.
A requirement for Mef2 in postembryonic myogenAdditional crosses were carried out to obtain enough samples for subsequent experiments, and similar peresis: We next used the temperature-sensitive mutants to probe the function of MEF2 in adult myogenesis. We centages of survival were observed from these crosses in comparison with those described in the previous paraset up crosses of CyO, GFP/Mef2 30-5 ϫ CyO, GFP/Mef2 at the permissive temperature of 18Њ and allowed emgraph.
To initially determine if adult mutants had normal bryos to incubate until hatching. We then selected newly hatched 30-5/44-5 L1 larvae on the basis of the absence muscle function, we tested the flight ability of adult escapers that had been raised from L1 at each temperaof GFP expression. Of 400 larvae collected in this manner, 200 were immediately shifted to the restrictive temture. Of 103 animals raised at 18Њ, 86 (83.5%) were capable of normal flight when tapped gently from a vial. By perature of 29Њ to reduce Mef2 function, while the remainder were incubated at 18Њ as a control (Figure 3) . contrast none of the 52 animals raised at 29Њ were capable of flying and simply dropped vertically. The poor Of the 200 larvae allowed to develop at 18Њ, 175 (87.5%) reached pupariation and of those, 165 (82.5%) ability of mutants to eclose when raised at 29Њ, and the poor flight ability of those that did eclose, indicated reached adulthood ( Figure 3A) . Note that only mutant animals that had successfully completed embryogenesis that these animals lacked proper muscle function. Development of adult muscles in the absence of and hatched from the egg were selected for this experiment. This resulted in a larger degree of survival to MEF2 function: Since 30-5/44-5 animals raised at 29Њ were flightless and often failed to eclose, we next deteradulthood than was apparent in Table 2 from complementation crosses (only 58% survival) and indicated mined if there were any defects in the muscles of these animals. To analyze adult musculature we studied thothat there was ‫%52ف‬ embryonic lethality at the permissive temperature.
racic sections of wild-type animals, mutants raised at 18Њ throughout development, and mutants raised at 18Њ Of the 200 larvae that were shifted to the restrictive temperature, 154 (77%) reached pupariation (Figure during embryogenesis and at 29Њ from L1. Transverse sections of wild-type animals showed the 3B). Thus, there was notable lethality (10%) of larvae lacking MEF2 function; however, a large proportion regular arrangement of six DLMs per half thorax, which constitute a large proportion of the mass of the thorax completed larval development.
Of the 154 pupae that formed at 29Њ, only 26 (13% of (Miller 1950; Figure 4A, bracketed) . Animals raised at 18Њ showed a slight reduction in DLM number, resulting total) survived to adulthood ( Figure 3B ). Interestingly, many of the animals raised at 29Њ reached a late stage in an average of 5.55 (n ϭ 11) fibers per half thorax ( Figure 3A) , although a number of individuals showed of pupal development and showed a darkening of the cuticle, but most failed to break free of the pupal case.
normal fiber number ( Figure 4B ). Mutants raised at 18Њ frequently showed darker staining and smaller fibers in Some animals did manage to partially eclose, but did MEF2 in Adult Drosophila Myogenesis our sections, which we attributed to these animals being Within each muscle, the fibers were of similar sizes. Animals raised at 18Њ showed slight defects in the patslightly dehydrated during their long development. Since the animals raised at this temperature often had terning of the DVM fibers compared to wild type, where occasionally additional fibers differed significantly in nearly wild-type fiber counts, and since mutants raised at 29Њ did not show darker fibers, we concluded that the size within the same muscle ( Figure 4E ). Interestingly, the severity of patterning defects present in animals reduction in size of the fibers did not reflect a specific role for MEF2 under these conditions. Reductions in raised at 29Њ was not significantly different from that observed at the permissive temperature ( Figure 4F ). DLM fiber number were more severe at 29Њ as these animals had an average of 3.28 fibers (n ϭ 18) per half
We also visualized the TDT, a major tubular muscle that is physiologically distinct from the IFMs. Wild-type thorax ( Figures 3B and 4C) . These results are consistent with the muscle pattern defects observed in Mef2 muanimals displayed a very regular set of TDT fibers that were arranged to form a tube with 4 small anterior fibers tants by others (Ranganayakulu et al., 1995; Cripps and Olson 1998; Nguyen et al. 2002) and are likely a and Ն20 large posterior fibers (Figure 4G , arrows; O' Donnell et al. 1989; Peckham et al. 1990 ). In 30-5/44-5 animals result of a defect in muscle template splitting as previously described (Cripps and .
raised at 18Њ, the TDT was almost indistinguishable from wild type in respect to the arrangement of fibers, alSince previous studies focused solely on the development of the DLMs in Mef2 mutants, we extended our though some fibers looked slightly irregular ( Figure 4H , arrowhead). However, the TDT in 30-5/44-5 animals analyses of the muscle defects caused by the reduction of Mef2 activity. We prepared horizontal thoracic secraised at 29Њ had fibers forming in the central lumen, and many of the fibers were oddly shaped ( Figure 4I , tions of adult animals raised at the restrictive and permissive temperatures. In wild-type animals there were arrowhead). The TDT in these animals was also mislocalized within the thorax as compared to wild-type animals seven distinct DVM fibers, organized into three muscles termed DVMI-III (Miller 1950; Figure 4D, bracketed) .
or animals raised at the permissive temperature. Dissec-muscle function in the thorax for normal flight, we conclude that the patterning defects in the DLMs plus dysfunction of the tubular muscles due to fiber defects probably account for the poor flying ability of 30-5/44-5 mutant escapers at 29Њ. Mild ultrastructural defects in the IFM myofibrils might also compound this. However, a more striking observation was that, in the almost-complete absence of MEF2 function, large amounts of adult muscle tissue were generated and sufficient muscle structural proteins were synthesized to form myofibrils. This result contrasted sharply with the requirement for Mef2 in embryonic muscle formation. Given the significant amount of muscle forming in the Mef2 mutants, this did not adequately explain the lethality that we observed.
Quantification of target gene expression in temperature-sensitive Mef2 animals: Since eclosion requires the 1985; Ball et al. 1987) . Thus, among them, these three actin genes are expressed in the major adult muscle tions of the abdomens of Mef2 mutants allowed us to observe relatively normal patterning of the supercontypes. We therefore studied actin gene expression levels in mutants and controls by quantitative polymerase chain tractile muscles of the abdomen in mutants compared to wild type (data not shown).
and fibrillar muscles, respectively (Hiromi and Hotta
reaction (QPCR), to determine if Mef2 reduction had effects distinct between muscle types. Primer pairs within Myofibrils were also dissected from the DLMs of wildtype animals, 30-5/44-5 animals raised at 18Њ and 30-5/ the 3Ј-UTR region of each of the target actin genes were generated. We also prepared primer pairs for the 18S 44-5 animals raised at 29Њ, to study the formation of muscle sarcomeres. Visualization of these fibers by difribosomal RNA gene to use as an internal control. RNA was collected from wild-type pupae at 96 hr ferential interference contrast microscopy revealed no major defects in the myofibrils between wild type and (APF) as well as from equivalent stage 30-5/44-5 animals raised at the permissive and restrictive temperatures.
30-5/44-5 at either temperature treatment (Figure 4, J-L). We observed regular M lines and Z lines in the
QPCRs were performed and the results analyzed as described in Livak and Schmittgen (2001) . Our analysis numerous myofibrils of all genotypes (Figure 4 , J-L, arrows); however, we did see occasional fraying of the showed that the expression of Act57B was decreased by 4.4-fold in 30-5/44-5 animals raised at 18Њ compared to myofibrils in the mutants raised at 29Њ ( Figure 4L , arrowhead). While this fraying could be attributed to mechanwild type and by 13.46-fold in 30-5/44-5 animals raised at 29Њ compared to wild type. However, we saw very ical damage during extraction of the myofibrils, fraying was not observed in either wild-type animals or animals small decreases in the expression of Act79B and almost no difference in the expression of Act88F at either temraised at the permissive temperature, indicating that there were some structural defects in the myofibrils of restrictive perature ( Figure 5 ). These results demonstrated a profound requirement for MEF2 function in the expression mutants.
In summary our phenotypical analyses of muscle forof the Act57B actin gene vs. the adult actin genes (Act79B and Act88F). mation in Mef2 mutant adults indicated an important requirement for MEF2 function in the patterning of the To confirm that the reduction in Act57B expression observed by QPCR was relevant to abdominal muscle muscle fibers. This requirement was apparent in the DLMs as well as in the TDT, a major tubular muscle of function, we studied the expression of Act57B in transverse abdominal and thoracic sections of wild-type 96-the adult, and our findings significantly extend earlier reports. Given the strict requirements of coordinated hr APF animals by in situ hybridization. The results are MEF2 in Adult Drosophila Myogenesis presented in Figure 6 . We found that indeed there were the QPCR assays and suggest that the misregulation of Act57B in animals lacking proper Mef2 function may high levels of Act57B transcript detected in all of the ventral and dorsal abdominal muscles ( Figure 6A) .
be an important factor contributing to the lethality observed in our mutant animals. It may be possible that the Act57B was also detected in a small number of tubular thoracic muscles, although we were unable to identify lethality attributed to these animals may be exacerbated due to the lack of proper MEF2 function in other tissues precisely which fibers these represented from our sections ( Figure 6B ). No reaction was observed using a besides muscle. sense probe ( Figure 6C ).
Act57B expression in adults is directly regulated by
DISCUSSION

MEF2:
We previously analyzed the function of the Act57B promoter in embryonic muscles and identified Skeletal muscles of animals compose a number of a region from -593/ϩ2 that, when fused to a lacZ redistinct fiber types, which are adapted to their particular porter, was active broadly in embryonic muscles. Within function in the body (reviewed in Squire 1986). Much this promoter element, a conserved MEF2-binding site recent research has focused upon identifying both facwas required for high levels of muscle-specific exprestors that are required for the formation of all skeletal sion (Kelly et al. 2002) . To further explore the hypothemuscles and factors that control subspecification within sis that Act57B expression levels were affected by loss of the skeletal muscle lineage. Prominent among the for-MEF2 function, we determined if the -593/ϩ2 Act57B-mer group are members of the MEF2 family of musclelacZ reporter construct was active in the adult muscles enriched transcription factors. MEF2-encoding genes shown to express Act57B. We found that this reporter are expressed broadly in the musculature and have been was strongly active in all of the abdominal skeletal musshown to regulate a large number of muscle-specific cles, as well as in some fibers in the thorax (Figure 6 , genes (reviewed in Black and Olson 1998). MEF2 fac-D and E). These findings supported our in situ hybridizators have also been implicated in contributing to adaption results described above and localized adult muscle tive changes in fiber type within a muscle (Chambers enhancer activity. et al. 1994; Rao et al. 1996; Chin et al. 1998 ; O'Mahoney To determine if the same MEF2 site that functioned et al., 1998; Wu et al. 2000; Yan et al. 2001; Lin et al. in embryonic muscles also functioned in the adult, we 2002; Leszczynski and Esser 2003). studied the activity of a similar promoter-lacZ construct,
The model animal Drosophila undergoes an adult in which the MEF2 site had been mutated. This constage in which the skeletal muscles show similar examstruct was inactive in adult animals ( Figure 6F ), further ples of fiber specification to match function in the body. supporting an important role for MEF2 in controlling
The adult skeletal muscles can be subdivided into thoAct57B expression and thus abdominal muscle function. racic fibrillar and tubular muscles and the simple tubular muscles of the abdomen. Each muscle type has a These results support the conclusions obtained by unique ultrastructure and expresses a partially overlapSpicer et al. 1996; Lin et al., 1997b; Yang et al. 1998; Johanson et al. 1999; Novitch et al. 1999; Postigo et al. ping suite of muscle-specific genes (reviewed in Bernstein et al. 1993 ), although individual Drosophila mus-1999 Wilson-Rawls et al. 1999; McKinsey et al. 2000; Polly et al. 2003) . It is therefore conceivable that the cles generally compose a single fiber-type (Baylies et al. 1998) .
temperature-sensitive region of the mutant proteins used in this study maps to a part of the molecule that The roles of specific transcription factors in the formation of adult muscles in Drosophila have been diffiinteracts with embryonic cofactors, but does not interact with adult cofactors. There is currently no direct evicult to define, since many factors play important earlier roles in embryogenesis, such as twist  dence in Drosophila for the existence of such stagespecific MEF2 cofactors, yet the collaboration of MEF2 Baylies and Bate 1996) . For this gene, temperaturesensitive mutants were used to address a role for adult with myogenic basic helix-loop-helix factors in vertebrate skeletal muscle, but not in cardiac or smooth musmuscle development. It was shown that twist functioned to activate Mef2 expression at the onset of pupal develcle, suggests that this could be a possibility. In defense of our findings, the phenotypes of our Mef2 mutants opment (Cripps et al. 1998) and that in the absence of twist function the larval oblique muscle templates for showing patterning defects in the adult DLMs yet still retaining substantial muscle tissue are similar to several the DLMs did not split to form the canonical six pairs of DLM fibers (Anant et al. 1998 ; Cripps and Olson other Mef2 mutant combinations (Ranganayakulu et al. 1995; Cripps and Olson 1998; Nguyen et al. 2002; .
In this study we identified a temperature-sensitive our data not shown). Since these defects in the DLMs do not differ significantly from the effects of other Mef2 combination of Mef2 alleles and used these mutants to demonstrate that MEF2 function was required for adult mutant combinations, it seems less likely that the phenotypes that we observed throughout the adult muscles muscle patterning and expression of a subset of adult muscle protein genes. A striking observation was that arise from specific effects of individual mutations.
In further support of the argument that factors indemuch of adult myogenesis proceeded at the restrictive temperature, compared to very little embryonic myopendent of MEF2 function in adult myogenesis is the existence of adult muscle gene regulatory elements that genesis in the same mutants under the same conditions (compare Figure 2C with Figure 4C ). These findings do not rely heavily upon MEF2 sites for their function. These include Paramyosin, where a MEF2 site in the confirmed the important role that MEF2 plays in myogenesis, yet qualified its importance by pointing to the promoter is essential for high levels of reporter gene expression in embryonic and larval muscles, but there existence of additional factors that must contribute significantly to muscle development.
is only a mild requirement for the integrity of the site in promoter function in adult muscles (Arredondo Why do our data indicate that there is a lesser emphasis upon MEF2 function in the adult vs. the embryo? . Furthermore, an alternate promoter for Paramyosin, which controls the generation of a truncated could be argued that there is still residual MEF2 function even at the restrictive temperature to allow adult isoform expressed at high levels in adult muscles only, does not contain a MEF2-binding site (Arredondo et MEF2-dependent myogenesis to proceed normally. Certainly it is true that residual fibers formed in embryos kb fragment showed high levels of enhancer activity in tubular muscles of the thorax and abdomen (although However, the vast difference between the amount of muscle in mutant embryos vs. mutant adults is difficult not fibrillar muscles), yet this fragment lacked a conserved MEF2-binding site. By contrast, MEF2 sites are to discount and argues strongly for a reduced requirement for MEF2 in the adult. Furthermore, since it has critical for the activities of TpnI (Marin et al. 2004) and Act57B (this study) regulatory elements in adult been shown that Mef2 function is required for larval oblique muscles (LOM) splitting during formation of muscles. While it is possible for MEF2 to be recruited to enhancers by other factors in the absence of a canonical the DLM fibers (Cripps and Olson 1998), the theoretical null phenotype for this phenomenon would be three binding site , there is compelling evidence that MEF2 is critical to the expression DLM fibers per hemithorax. In the restrictive mutants we see 3.3 fibers, only slightly greater than in the theoretof some, but not all, adult muscle structural genes in Drosophila. ical null phenotype, yet there are still significant quantities of muscle tissue. This is also the case in other animals. Vertebrate mef2 gene knockouts retain significant muscle function and Another possibility is that the MEF2 proteins in the heteroallelic mutants do not show temperature sensitivity myofibrillar gene expression (Lin et al. 1997a; Naya et al. 2002) , although it is reasonable to argue that this at all stages of development. Numerous previous studies have identified both positively and negatively acting factors arises from redundancy with the remaining MEF2 factors. In the nematode Caenorhabditis elegans, deletion of that interact with and collaborate with MEF2 to control myogenesis (see, for example, Molkentin et al. 1995;  the single MEF2-encoding gene CeMef2 has apparently no effect upon muscle development or function (Dichoso is important to understand what MEF2-independent pathways are involved in this process. et al. 2000) .
What other factors might play roles in adult muscle Given all of the above arguments it is more likely that formation? Previously it has been shown that, along with the phenotypes that we observed in the adult musculaMef2, vestigial (vg) is expressed in the wing disc adepiture do represent a null (or nearly so) MEF2 phenotype. thelial cells that later give rise to adult muscle (Ng et al. The phenotypes we observe are clearly more severe than 1996). Moreover, Vg protein is also found in the mythose observed in other Mef2 allelic combinations tested oblasts surrounding the forming DLMs and in some (Ranganayakulu et al. 1995; Cripps and Olson 1998;  DLM nuclei (Sudarsan et al. 2001) . Vg has been shown Nguyen et al. 2002) , since none of our mutants survived to interact with Scalloped (Sd), which has also been to adulthood when raised from early embryogenesis at shown to be expressed in the adepithelial cells of the the restrictive temperature throughout the life cycle, wing disc (Bernard et al. 2003) . While it is not known compared to the small numbers surviving in other studwhether the Vg-Sd complex directly activates muscle ies. Furthermore the mutant phenotype, as reflected in genes in Drosophila, vg mutants not only show a marked the observed numbers of DLM fibers in adults, was more loss of muscle differentiation, but also lack expression severe than the phenotypes of previously reported muof a key adult actin gene, Act88F (Bernard et al. 2003 113 in which the average DLM fiber is particularly attractive given the roles of vertebrate homonumber per hemithorax ranged from 3.6 to 4.1 (Cripps logs of Sd. Sd is a transcription enhancer factor (TEF) and . The mechanisms underlying temperaand a member of a larger family of proteins controlling ture sensitivity in the 30-5/44-5 allelic combination should muscle gene expression in other systems. TEF-1, the become more apparent with the further characterization vertebrate homolog of Sd, has been shown to bind to of these alleles and their biochemical properties.
the MEF2 consensus sequence in mammals (Karasseva We conclude that additional factors must play imporet al. 2003) and has also been implicated in regulating tant roles in adult muscle gene regulation and that these muscle-specific genes such as cardiac Myosin Heavy Chain factors are likely to be particularly important to the (Gupta et al. 1997) and cardiac Troponin T (Butler formation of muscles specific to the adult stage. The and Ordahl 1999). Further analysis of adult-muscledifferential requirement for MEF2 and other factors in specific promoters will very likely define the role of this adult muscle structural gene expression is exemplified important family of transcription factors in adult muscle by our observations of strikingly specific effects of loss development. of MEF2 function upon muscle actin gene expression. Act88F and Act79B, both adult-specific muscle actins, do not require MEF2 for activation demonstrates that there must be another pathway by which adult myogenesis is LITERATURE CITED activated. However, because animals lacking proper MEF2 activity do not possess a wild-type physiology, there must Anant, S., S. Roy and K. Vijayraghavan, 1998 Twist and Notch negatively regulate adult muscle differentiation in Drosophila.
be some pathways in which MEF2 remains key. The obser- formed; however, as it is not crucial to myogenesis, it
